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It has been recently suggested [1] that a subdominant fraction of dark matter decaying after recom-
bination may alleviate tension between high-redshift (CMB anisotropy) and low-redshift (Hubble
constant, cluster counts) measurements. In this report, we continue our previous study [2] of the
decaying dark matter (DDM) model adding all available recent baryon acoustic oscillation (BAO)
and redshift space distortions (RSD) measurements. We find, that the BAO/RSD measurements
generically prefer the standard ΛCDM and combined with other cosmological measurements impose
an upper limit on the DDM fraction at the level of ∼ 5 %, strengthening by a factor of 1.5 lim-
its obtained in [2] mostly from CMB data. However, the numbers vary from one analysis to other
based on the same Baryon Oscillation Spectroscopic Survey (BOSS) Data Release 12 (DR12) galaxy
sample. Overall, the model with a few percent DDM fraction provides a better fit to the combined
cosmological data as compared to the ΛCDM: the cluster counting and direct measurements of the
Hubble parameter are responsible for that. The improvement can be as large as 1.5σ and grows to
3.3σ when the CMB lensing power amplitude AL is introduced as a free fitting parameter.
I. INTRODUCTION
It is known that an additional form of matter which
clusters gravitationally but otherwise is (almost) immune
to other interactions is needed to describe cosmologi-
cal data. The corresponding matter fraction is called
dark matter (DM), and its nature remains elusive so far.
Moreover, it is unknown whether DM is one-component
or, in turn, consists of several different species. The lat-
ter idea developed in the 1980s [3, 4] and recently gained
renewed interest because of both the growth in preci-
sion of cosmological measurements and the appearance
of a tension between low-redshift measurements and pre-
dictions of the standard ΛCDM cosmology based on the
high-redshift observations.
In Ref. [1] it was argued that the subdominant DM
component decaying after recombination may alleviate
the aforementioned tension [5]. Instead of fitting of this
model to the Planck data, it was simply assumed that all
cosmological parameters at recombination correspond to
the Planck derived values. This is reasonable since the
assumed unstable DM fraction decays after recombina-
tion. However, at the level of modern precision achieved
in cosmological data analyses, this simple approach is not
sufficient anymore, since CMB anisotropies are subject to
the gravitational lensing at a later epoch. This effect is
observable with Planck and should be accounted for.
In the follow-up paper [2], a proper fitting of the de-
caying DM model has been carried out. There, in addi-
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tion to the Planck likelihood for TT,TE,EE power spec-
tra [6], the direct measurement of Hubble constant H0 [7]
and probes of matter clustering σ8 and matter fraction
in present energy density Ωm from the Planck cluster
counts [8] have been considered. It was found that the
model with decaying dark matter (DDM) is indeed some-
what more preferable in comparison with base ΛCDM:
however, the fraction of DDM is away off the original sug-
gestion [1] being severely restricted by lensing observed
in TT spectrum. Notably, a final verdict turns out to be
highly dependent upon the choice of additional data set:
polarization at low multipoles or direct Planck probes of
lensing power spectrum.
At the same time, a whole layer of precise measure-
ments of baryon acoustic oscillation (BAO) and more
complicated probes of redshift space distortions (RSD)
which may shed light on the nature of the dark sector
has not been studied in [2]. Beside low-statistics mea-
surements at low redshifts (which are generally consistent
with the ΛCDM framework [6]), there are a number of
rather precise middle-redshift probes that differ in type
of constraints, redshift separation, sample volume and
analysis procedure. These probes are known to be not so
united in exploring the ΛCDM: in some cases the best-fit
values of the cosmological parameters noticeably deviate.
For instance, the BAO or RSD signal can be extracted
from correlation function in configuration space or from
power spectrum in Fourier space, sample volumes cor-
responding to different redshifts may be independent or
overlap. The first goal of the current research is to ex-
plore the cosmological implication of various BAO and
RSD measurements based on the BOSS Data Release 12
(DR12) galaxy sample in the range 0.15 < z < 0.75 in
combination with other cosmological data to observe pos-
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2sible hints of DDM.
More recently, the BAO signal has also been extracted
from flux-transmission correlations in the Ly-α forest and
from cross-correlations of the Ly-α absorption sites with
positions of quasars. These measurements correspond to
much higher effective average redshift zeff ≈ 2.3−2.4 and
therefore provide independent probes of the Universe ex-
pansion at that times. Remarkably, such high-redshift
probes are in some tension with the ΛCDM prediction.
If obtained constraints are not plagued by unaccounted
systematics, then the BAO signals in the Ly-α forest hint
to cosmology beyond the ΛCDM pattern. Moreover, if
the statistical errors in these two measurements are al-
most completely uncorrelated, cross- and autocorrelation
analyses can be combined into one set which leads to a
more pronounced ≈ 2.3σ discrepancy [9] between BAO
high-redshift probes and the CMB-dominated best fit of
ΛCDM.
It was already argued [1] that the model with subdom-
inant unstable fraction of DM decaying after recombina-
tion is capable of easing the tension above. However in
Ref. [1] no proper likelihood of BAO at large redshifts
have been exploited. This lacuna is filled in the present
work.
It is worth mentioning that popular extensions of the
base ΛCDM model such as nonzero space curvature or
varying in time dark energy equation-of-state only par-
tially ease the tension between BAO measurements and
are not able to eliminate the Ly-α anomaly completely,
see for example [10, 11]. For this reason, such a promi-
nent discrepancy between BAO probes at low and high
redshifts still deserves a special study. In the current re-
search, we explore this strong tension in light of the DDM
framework.
The final goal of the present paper is to classify the
set of BAO and RSD probes from the BOSS DR12
galaxy sample by their preferences for DDM and find
out whether an admixture of DDM really helps to rec-
oncile the Ly-α BAO anomaly with other cosmological
observables. In this analysis we also consider various up-
to-date cosmological and astrophysical data similarly to
the Ref. [2] and obtain actual constraints on the param-
eters of the DDM model.
The paper is organized as follows. In Sec. II, we de-
scribe the cosmological model, the cosmological data sets
utilized, and the numerical procedure adopted to explore
model parameter space. We present the obtained con-
straints on DDM in Sec. III and summarize our results
and discuss future prospects in Sec. IV.
II. THE MODEL, DATA SETS AND
PROCEDURE
A. Decaying dark matter model
We assume that dark matter consists of stable Ωsdm
and decaying Ωddm parts, and the unstable particles de-
cay into dark radiation (e.g. unknown ultrarelativis-
tic particles). Following Ref. [1] we define a fraction
of the decaying part, F , in terms of initial densities
ωi ≡ Ωih2 as F ≡ ωddm/(ωsdm + ωddm). Here the
present value of the Hubble parameter is parametrized
as H0 ≡ h × 100 km/s/Mpc. We measure the width of
corresponding decay, Γ, in units of km/s/Mpc adopted
for the Hubble parameter determining the Universe ex-
pansion rate. Following Ref. [1] we assume also that the
DM decays mainly after recombination epoch. Then the
CMB spectra at last scattering are intact and the primary
cosmological parameters are close to the Planck derived
values. This implies constraint Γ < 5000 km/s/Mpc.
B. Cosmological data sets
1. Planck, Hubble and cluster counts
We employ the full Planck likelihood for TT,TE,EE
power spectra at multipoles l > 30 [6] to account for the
lensing effects of CMB anisotropies properly as explained
in [2]. We also exploit measurements of polarization at
low multipoles [6] and direct probes of the lensing power
spectrum Cφφl calculated from the non-Gaussian parts of
15 different 4-point functions [12]. Using the two latter
probes simultaneously imposes the tightest constraint on
the parameter F according to [2]. We do not use the last
Planck polarization constraint [13] here because a proper
likelihood is not available yet.
For the low-redshift cosmological probes, we take the
galaxy cluster counts from Planck catalogues [8] as in
Ref. [2] and a more recent and precise direct measure-
ment of the Hubble constant [14]. These data sets are
conflicting currently with the Planck high-redshift mea-
surements and a nonzero fraction of DDM may alleviate
this tension as reported in Refs. [1, 2].
We refer to the combined set of Planck, Hubble and
cluster counts data listed above as the ”Base” data set.
2. BAO probes at low redhifts
Lowest redshift data sets, which have inherent lim-
ited statistics, provide only an isotropic measurement of
the angle-average distance ratio DV /rd ≈ D0.7H D0.3A /rd,
where DH(z) = c/H(z). In this paper, we consider the
BAO signal from the SDSS Main Galaxy Sample (MGS)
at z = 0.15 [15] and the Six-degree-Field Galaxy Sur-
vey (6dFGS) at z = 0.106 [16], and call them MGS and
6dFGS, respectively. Such measurements have the in-
significant overlapping galaxy volume and can be consid-
ered as independent surveys. Moreover, isotropic mea-
surements at low redshifts and any other anisotropic
BAO probe at higher z can also be treated as indepen-
dent and combined afterwards.
33. BAO probes at middle redshifts
The most precise BAO measurements provide a uni-
versal ruler, the comoving sound horizon at the baryon
drag epoch rd, which has been used to measure the ex-
pansion of the Universe at different epochs. The recent
analyses of the BOSS DR12 galaxy sample [17–19] have
satisfactory statistical power to measure the BAO peak
position in both the line-of-sight and transverse direc-
tions which imply constraints on the angular diameter
distance DA(z) and Hubble parameter H(z) simultane-
ously in the units of the standard ruler rd. In this paper,
we use the following BAO probes, all based on the latest
BOSS Data Release 12.
i) We utilize results of Refs. [17] and [18] where two
distinct samples of luminous galaxies in the ranges 0.15 <
z < 0.43 and 0.43 < z < 0.7 are used to extract the
BAO signal from the moments of Fourier-space power
spectrum or correlation functions, respectively. We also
exploit one consensus BOSS result [19] which consists of
various similar to each other BAO probes and where the
overall sample is divided into three bins in the redshift
space.
ii) There is a way to capture a tomographic (continu-
ous) redshift-evolution of the BAO scale. For that, the
overall galaxy sample should be divided into a large num-
ber of overlapping redshift bins to perform the correlated
BAO analysis in each slice. If this procedure ensures
sufficient galaxy counts in each subsample, it provides
reliable measurements in each redshift bin. The tomo-
graphic technics is used to find proper constraints on
time-evolving quantities such as the dark energy equa-
tion of state, ω(z). However, such measurements may
be of interest with regard to constraints on DDM for an-
other reason. Tomographic analyses of BAO provide the
largest number of quite solid measurements which implies
the highest statistical weight and brings the greatest con-
tribution to the χ2 function among other BAO probes.
Since a tomographic analysis employs overlapping sample
volumes in different redshift bins, this procedure requires
a proper use of the full covariance matrix. For such a ”to-
mographic” probe, we use recent results of Refs. [20, 21].
The probe is based on the power spectrum and corre-
lation function reconstruction technics, respectively, and
traces the BAO signal in the range 0.2 < z < 0.75 in nine
overlapping redshift slices.
Generally, the main advantage of BAO probes rests
in their pure geometrical character. They are not af-
fected by uncertainties in nonlinear evolution of the mat-
ter density field and, therefore, can impose very robust
constraints on model parameters.
4. RSD probes at middle redshifts
The RSD anisotropy caused by peculiar velocities of
baryons and dark matter and observed in multipole mo-
ments of the galaxy power spectrum and two-point cor-
relation functions is a powerful tool for constraining the
growth rate of structures in the Universe. Transverse
versus line-of-sight anisotropies in the redshift space can
be approximated in the linear theory by the density-
velocity correlation power spectrum, so the RSD tests
the normalized growth rate, f(z)σ8(z) = σ
(vd)
8 (z)
2/σ8(z),
where σ
(vd)
8 is the smoothed density-velocity correlation
averaged over 8h−1 Mpc [6]. Unfortunately, these mea-
surements are affected by nonlinearities on small scales,
galaxy bias and harmful degeneracies with background
parameters. For this reason, constraints imposed by RSD
tests are significantly looser than those obtained in BAO
analyses. Nevertheless, the RSD approach provides an
additional independent probe of the cross-correlation be-
tween the LSS and the velocity anisotropy in the Universe
at different times, which may be critical when testing
DDM predictions.
For our purpose we exploit single-probe measure-
ments [22] from the BOSS DR12 galaxy sample split
into two and four redshift bins where the RSD signal
has been extracted from correlation functions. We also
employ two analyses from [23] based on different mock
realizations with two redshift bins and where multipole
moments of the galaxy power spectrum were exploited
instead. Finally, we investigate consensus constraints on
DA(z), H(z) and fσ8(z) at three effective redshifts ob-
tained in RSD survey [19] as well.
5. BAO Ly-α
It was proposed that the Lyman-α forest of absorption
of light from quasars can be used to trace the underlying
matter density field, so the BAO signal at higher redshifts
may be found there. The first such signal was detected
in the cross-correlations between the Ly-α forest absorp-
tion and the distribution of quasars using the DR11 sam-
ple [24]. A little bit later similar signal was found in the
Ly-α forest autocorrelation function in the DR11 study
of [25]. Both measurements are in some tension with
predictions of the flat ΛCDM cosmological model. More-
over, it was argued in [25] that statistical errors in these
two BAO probes are uncorrelated and one can treat them
as independent surveys. In this case, the tension between
combined cross- and autocorrelation BAO measurements
and the ΛCDM-Planck best fit cosmology becomes even
stronger and reaches the level of ≈ 2.5σ [25].
In our study, we exploit the state-of-the-art cross-
correlation [9] and autocorrelation [26] measurements
based on the latest BOSS Data Release 12 where several
improvements in the analysis procedure were also devel-
oped. Exploiting these two kinds of measurements simul-
taneously gives us the largest mismatch between BAO
probes at high redshifts and the ΛCDM prediction. Us-
ing the first author’s names we denote the corresponding
data sets as Bourboux and Bautista, respectively.
The 15% increase of the sample volume in the cross-
correlation and autocorrelation analyses [9, 26] over the
4previous studies [24, 25] is mainly responsible for 0.5σ
reduction in DH(2.34)/rs relative to the previous mea-
surement based on the BOSS DR11 quasar sample as
argued in [25]. It reduces mismatch between combined
BAO probes at high redshifts and the ΛCDM-Planck best
fit cosmology to the level of ≈ 2.3σ [9] which alleviates
the Ly-α anomaly insignificantly.
C. Numerical procedure
We test two-component DDM model against data us-
ing the Markov chain Monte Carlo (MCMC) approach
within the Monte Python package [27]. We modi-
fied the CLASS Bolzman code [28, 29] to implement
computation of fσ8 at different redshifts so that RSD
probes can be properly adopted. In particular, calcu-
lation of the power spectrum P (vd)(k) has been added,
where d stands for the total matter density fluctuations
and v = −∇~vN/H, where ~vN is peculiar velocity field of
baryons and dark matter.
Eight free parameters are varied in the fitting proce-
dure. Two of them are inherent to the DDM model:
the fraction F and the width Γ. Remaining six cor-
respond to underlying ΛCDM cosmology: the angular
scale of the sound horizon rs at last-scattering θ∗ ≡
rs(z∗)/DA(z∗), the baryon density ωb, initial CDM den-
sity ωcdm = ωsdm +ωddm, the optical depth τ , the scalar
spectral index ns, and the amplitude of the primordial
power spectrum As. We adopt spatially flat Universe
and assume normal neutrino hierarchy pattern with the
total active mass
∑
mν = 0.06 eV.
III. CONSTRAINTS ON DDM
A. χ2 analysis of BAO and RSD probes at middle
redshifts
We start with the preliminary χ2 analysis of each of
the BAO and RSD probes at middle redshifts from the
BOSS DR12 galaxy sample in order to find out which of
them favors (or disfavors) DDM cosmology the most and
the least in comparison with standard ΛCDM. For that,
we utilize the corresponding covariant matrices available
on the SDSS website http://www.sdss3.ortrg/.
According to our χ2 analysis we calculate for each data
set and different cosmologies the following quantity
χ2 = (xdata − xbest−fit)TC−1cov(xdata − xbest−fit) (1)
where xdata is the vector of mean values determined by a
particular BAO/RSD measurement, xbest−fit stands for
the vector of best-fit values obtained in the ΛCDM or
DDM cosmology within the Base data set and Ccov de-
notes a covariant matrix of corresponding measurements
at different redshifts. Here we assume that other six
base parameters are tightly constrained by the Base data
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FIG. 1. The redshift evolution of DA/rs in the ΛCDM model
fitted to the Base data set (solid line) and in the DDM cosmol-
ogy with reference values F = 0.05 and Γ = 2000 km/s/Mpc
while remaining six standard parameters are kept the same
as in ΛCDM (dashed line). Zhao result is shown by blue
boxes with error bars which show ±1σ uncertainties. Chuang
likelihood is illustrated by green dots with error bars.
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FIG. 2. Same as Fig. 1 but for DH/rs evolution.
set and all BAO/RSD probes have inefficient statistical
weight to change them significantly.
We find the χ2 value, Eq. (1), for various cosmolo-
gies and obtain the difference ∆χ2 = χ2ΛCDM − χ2DDM
between ΛCDM and DDM patterns for five BAO and
five RSD probes from the same BOSS DR12 galaxy
sample within 0.15 < z < 0.75 and mentioned in sub-
sec. II B 3 and II B 4. As a result of this procedure, we
select a tomographic probe based on the power spec-
trum reconstruction technics, Ref. [20], as the one which
prefers ΛCDM model most strongly in comparison with
DDM, with ∆χ2 = −8.14. On the other hand, while
sets which would favor DDM are absent, the RSD analy-
sis based on the most recent single-probe reconstruction
technics [22] with redshift interval split into four parts
shows ∆χ2 = −2 which provides the lowest inconsistency
with DDM. Thus, we have two cosmological probes from
the same BOSS DR12 galaxy sample which provide no-
tably different constraints on the DDM model. We mark
these sets as Zhao and Chuang (again adopting the first
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FIG. 3. Same as Fig. 1 but for fσ8 evolution. Zhao data
set is absent here because pure BAO measurements do not
impose constraints on fσ8.
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authors’ names), and believe these sets embrace all other
available BAO and RSD probes in BOSS DR12.1. In
what follows we select them for global fitting together
with the Base data set.
Figures 1, 2, 3 and 4 illustrate the behavior of DDM
and ΛCDM with respect to selected data sets. Figs. 1, 2
reveal comparable errors imposed by Zhao and Chuang
likelihoods on DA/rs and DH/rs parameters. Since the
Zhao probe contributes 18 measurements to the cosmo-
logical fit whereas the Chuang set does only 4, the Zhao
data set possesses higher statistical weight with respect
to DA/rs, DH/rs and indeed can be responsible for the
most robust constraints on model parameters. Figures 3
and 4 display measurements of fσ8 and Ωmh
2. The
Chuang likelihood exhibits there too loose constraints on
fσ8 and Ωmh
2 which provide a subdominant contribution
of these measurements to the χ2 function. So, the Zhao
data set is really able to put the strongest constraints
1 Earlier BAO studies based on previous LSS data releases favored
DDM a bit more, see Ref. [1].
on the DDM model whereas the Chuang likelihood im-
poses only a mild constraint. We warn the readers that
depicted pictures do not contain complete information
about the measurements and serve only for the illustra-
tion since parameters are correlated at a given redshift.
Moreover, the measurements in the tomographic probe
at different redshifts are also correlated. All correlations
are properly accounted for in our χ2 statistical analysis
described above, and are used in the accurate fitting pro-
cedure aimed at limiting the model parameter space in
what follows.
B. Parameter constraints
First, both selected sets, Zhao and Chuang, are com-
bined with BAO measurements at low redshifts (”lowz”
in what follows) which include MGS and 6dFGS probes,
since they are unique in this redshift range. These probes
are consistent by itself with the ΛCDM cosmology [6] 2.
The data sets constructed in this way are labelled as
Zhao+lowz and Chuang+lowz in the analysis below.
Second, we combine Bourboux [9] and Bautista [26]
sets into one sample with the Base data set to see
how much DDM may help to alleviate prominent BAO
Ly-α anomaly. For this we exploit the χ2 surface
for combined measurements available on the website
(https://github.com/igmhub/picca/tree/master/data)
where the Bautista data were extrapolated to the
Bourboux’s effective redshift zeff = 2.4 using the fiducial
cosmology.
Since DDM is not able to reconcile the constraints from
Ly-α forest absorption with BAO measurements at mid-
dle redshifts completely 3, we do not mix these incon-
sistent measurements in one set. The final choice of the
data sets used in our analysis is summarized in Table I.
Tag Data set
Zhao+lowz Base+Zhao[20]+6dFGS[16]+MGS[30]
Chuang+lowz Base+Chuang[22]+6dFGS[16]+MGS[30]
Lyα Base+Bourboux[9]+Bautista[26]
TABLE I. Data sets used in our analysis and their tags.
2 In fact, the MGS probe at z = 0.15 gives somewhat higher values
of DV /rs in comparison with the ΛCDM prediction whereas the
DDM decreases it [1], which means that the MGS likelihood
would disfavor the DDM model in comparison with the ΛCDM
cosmology. This justifies the composition Zhao+lowz as the most
restrictive pattern to DDM.
3 To resolve the Ly-α anomaly present in the combined cross- and
autocorrelation BAO measurements one would need F = 0.1 −
0.2 according to [1], but such large values are disfavored by the
Planck likelihood due to strong lensing priors as explained in [2],
and, as we already have seen, would also put DDM in tension
with BAO/RSD probes at middle redshifts.
6Corresponding constraints in various 2-parameter sub-
spaces are shown in Fig. 5, 6, 7.
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FIG. 5. Posterior distributions (1σ and 2σ contours) of pa-
rameters F , Γ in DDM model. Tags are described in Table I.
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FIG. 6. Same as Fig. 5 but for H0 and F .
The probability contours in Γ, F subspace, Fig. 5, are
almost horizontal at large and intermediate values of Γ,
illustrating the simple fact that the cosmological data un-
der consideration reflect cosmological processes either at
very high (CMB) or low (BAO, Hubble measurements,
cluster counts) redshifts, and therefore possible fine de-
tails of the Universe evolution at intermediate redshifts
are not important. One may also note, that at 1σ-level
the Ly-α measurements actually favor Γ  H0. Indeed,
DDM should decay well before the corresponding Ly-α
measurements at z = 2.4 to better address BAO signals
at high redshifts. One would further argue from Fig. 5,
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FIG. 7. Same as Fig. 5 but for σ8 and Ωm.
that at Γ & H0 the Zhao+lowz data set exhibits the most
pronounced vertical tail, because this data set is the most
restrictive BAO probes of DDM fraction at z = 0.1−0.75,
and hence prefers long-lived DDM. However, our tech-
nique is not capable of fully resolving such small val-
ues of Γ and describes quantitatively only the short-lived
DDM cosmology. In particular, the cosmological data
sets related to the nonlinear structures in the late Uni-
verse (galaxies and galaxy clusters) are obtained from the
observations assuming the standard ΛCDM evolution. In
our case, a part of DM inside the compact structures can
decay, which changes their masses and gravitational po-
tentials with respect to the standard picture. Anyway,
the best-fit values in our study always happen at large
and intermediate decay rates, and these effects are irrel-
evant.
Presented results confirm anticipated hierarchy be-
tween Zhao+lowz and Chuang+lowz data sets which
impose the following constraints F < 0.04 (2σ) and
F < 0.05 (2σ), respectively, while Ly-α measurements
lead to the loosest constraints on the DDM parameter
F < 0.07 (2σ). In addition, our constraints imposed
by Zhao+lowz and Chuang+lowz data sets are in good
agreement with constraints obtained in the short-lived
regime in Ref. [31], whereas Lyα dictates a higher frac-
tion of DDM for the reason explained above.
Since lensing measured by Planck is in conflict with the
ΛCDM prediction [6], it makes sense to vary a parameter
AL, which scales the C
φφ
l power spectrum at each point in
the parameter space. Resulting probability densities for
the lensing power amplitude in ΛCDM and DDM models
using different data sets listed in Table II are presented in
Fig. 8. The allowable amount of DDM in this case reaches
the values F = 0.05±0.02 (1σ), F = 0.06±0.02 (1σ), F =
0.07 ± 0.02 (1σ) for Zhao+lowz, Chuang+lowz and Lyα
70.96 1.00 1.04 1.08 1.12
AL
Lyα
Chuang+lowz
Zhao+lowz
FIG. 8. Marginalized posterior distribution for AL in differ-
ent data sets described in Table I. Dashed (solid) lines corre-
spond to constraints obtained in the ΛCDM (DDM) model.
data sets, respectively. We emphasize that the nonzero
value of F is preferable now.
Actually, higher values of AL imply a more pronounced
lensing effect on structures in the late Universe, so a
larger fraction of DM can decay without conflict with
observed CMBR lensing. Indeed, we observed in Ref. [2]
that the DDM framework corresponds to a weaker lensing
power with respect to ΛCDM. Therefore a more power-
ful lensing in the case of AL > 1 helps to reconcile the
tension between low- and high-redshift measurements in
a more efficient way allowing larger fraction F .
To understand which model (ΛCDM or DDM) de-
scribes the stack of current cosmological data better we
consider the differences of logarithmic likelihoods logL
calculated for these two models within the same data
set. The quantity 2 · ∆ logL defined in this way is dis-
tributed as χ2 with n degrees of freedom equal to the
difference in fitting parameters in the models under con-
sideration. The DDM model has two extra parameters,
F and Γ, which leads to n = 2 in our case. Resulting im-
provements of the DDM pattern over the ΛCDM model
are listed in Table II.
C. Discussion
To highlight the main results obtained in the paper, let
us take a closer look at the 2d likelihoods in DA, DH pa-
rameter space. These likelihoods actually form the basis
Data set on top of Base ∆χ2 p-value Improvement
Zhao+lowz 0.24 0.89 0.14σ
Chuang+lowz 1.88 0.39 0.86σ
Lyα 3.94 0.14 1.48σ
Zhao+lowz+AL 4.62 0.10 1.65σ
Chuang+lowz+AL 5.18 0.08 1.78σ
Lyα+AL 13.78 0.001 3.26σ
TABLE II. Improvement of DDM over ΛCDM in the three
data sets considered taking into account 2 extra degrees of
freedom in DDM.
for the parameter constraints obtained in Sec. III B. To
restrict the number of figures, we show only Chuang and
Ly-α likelihoods: moreover, for the former, we take like-
lihoods obtained for 0.15 < z < 0.43 and 0.43 < z < 0.75
sample volumes, with mean redshifts 0.32 and 0.59, re-
spectively 4. Those BAO likelihoods at 1 and 2 σ levels
are shown in Figs. 9-11 by solid black curves. Constraints
on DDM cosmology under the Base data set are shown
by colored areas which extend to their respective 2σ con-
fidence levels. In other words, these colored regions show
how results of Ref. [2] look like on the BAO plane, with
white dot indicating the best fit to the Base data set in
pure ΛCDM model.
In addition, grey line in Figs. 9 - 11 illustrates results
of Ref. [1]. The grey dot at the end of the line indicates
the best fit of the ΛCDM model to the Planck data only.
Parameter F of DDM increases from F = 0 away from
this point reaching reference value F = 0.1 at the grey
rhombus. In accordance with anticipation of Ref. [1] the
grey line passes near the white dot: DDM would resolve
the tension between low- and high-z cosmological data
keeping intact the Planck best-fit values to CMB if lens-
ing of CMB anisotropies could have been neglected. On
the other hand, in ΛCDM at the white dot, the conflict-
ing low- and high-z data are “reconciled” at the expense
of the CMB fit, which deteriorates somewhat here. But
since DDM is worse at the description of lensing, the
overall improvement of DDM over ΛCDM is not very
significant.
Now back to BAO. As one can see from Figs. 9, 10,
higher values of F are in conflict with priors provided
by the Chuang analysis. This reveals that not only the
lensing of CMB anisotropies observed in the Planck data
severely restricts the DDM model, see [2], but the middle-
redshift measurements of the BOSS galaxy sample are
discordant with the DDM cosmology by themselves. On
the contrary, the combined likelihood of Ly-α forest ac-
tually favors higher values of F according to Fig. 11, but
a corresponding effect is limited by the Planck lensing
4 Parameter constraints of Sec. III B are obtained with galaxy sam-
ple 0.15 < z < 0.75 sliced into four redshift bins, but for the
illustration purposes of the present section the two bin splitting,
which is also proved by Ref. [22], is more appropriate.
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FIG. 9. Constraints on DA/rs and DH/rs at z = 0.32
imposed by the Base data set color coded by the value of
F . Black contours show 1σ and 2σ confident regions of the
Chuang likelihood from the LOWZ galaxy catalogue in the
redshift range 0.15 < z < 0.43. White dot indicates best
fit to the Base data set in pure ΛCDM model, while colored
area around it extends to corresponding 2σ confidence region.
Grey line shows DA − DH behavior with the growth of F
in the DDM model assuming Γ = 2000 km/s/Mpc and all
other parameters fixed to ΛCDM-Planck best-fit as in Ref. [1].
Grey dot and rhombus on this line correspond to F = 0 and
F = 0.1.
priors as explained in [2]. Still, improvement of DDM
over ΛCDM is most significant with this data set, see
Table II.
IV. CONCLUSIONS
To summarize, we have studied the sensitivity of BAO-
related cosmological measurements to the presence of de-
caying component in the dark matter sector. We found
that all BAO and RSD probes based on the BOSS DR 12
galaxy sample alone favor the standard ΛCDM cosmol-
ogy. However, the DDM model remains preferable under
various high-z and low-z measurements at the level of
0.1-0.9σ. Employing the BAO information at high red-
shifts from cross- and autocorrelations of the Ly-α forest
instead we got even more pronounced 1.5σ improvement
for the DDM model over the ΛCDM one.
Since the lensing conflict within the Planck data is not
resolved yet one may consider lensing amplitude AL as
a free parameter. In this case, a nonzero value of F
becomes preferable and the DDM scenario improves the
goodness-of-fit by 1.7-3.3σ in comparison with the con-
cordance ΛCDM model. The improvement depends on
a particular choice of the BAO/RSD measurements in-
cluded in the analysis.
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FIG. 10. Same as Fig. 9, but for z = 0.59, and black contours
displaying now 1σ and 2σ confident regions of the Chuang
likelihood from the CMASS galaxy catalogue in the redshift
range 0.43 < z < 0.75. Red contours depict 1σ and 2σ
confidence regions imposed by the Base data set.
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FIG. 11. Same as Fig. 9 but for z = 2.4, but black con-
tours display 1σ and 2σ confident regions of the combined
likelihood of the Bourboux and Bautista Ly-α analyses.
Fixing the origin of deviations between best-fit cosmo-
logical values of various BAO/RSD cosmological probes
would strengthen our conclusions either in favor or
against the decaying dark matter component. Ongoing
and future galaxy survey projects like DES, EUCLID,
LSST will most probably help with this problem, while
planning 21 cm intensity mapping surveys might even
probe the relatively short and intermediate lifetimes Γ−1
9of the decaying component, which escape any grasps of
the present cosmological analysis. The available cosmo-
logical data place an upper limit on the DDM fraction F
of 4-7% at 95% CL, while some probes hint the presence
of the same DDM fraction at the same CL.
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